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What’s New about the Weather? 
* 


Mr. Barrerr: Today we are going to discuss whether we have yet 
proved that we can successfully produce artificial rain by cloud-seeding. 
Weare going to discuss why it is so difficult to forecast the weather; why 
the last two winters in the United States have been so unusual; the 
possibilities of the use of computing machines to forecast the weather 
and to replace our weather forecaster on this program, Mr. Dunn; and 
we are going to report some discoveries about the upper atmosphere. 

Ference, are you sure that you can make it rain by cloud-seeding? 


Mk. Ference: I believe that we have enough experimental evidence on 
hand at the present time to draw the conclusion that it is possible to give 
rise to artificial rain by nucleation processes.’ 


Mr. Barrett: Byers, do you feel that the value of this nucleation, this 
“seeding,” has been proved satisfactorily ? 


Mr. Byers: There seems to be no question but that rain can be pro- 
duced. What I have in mind is that I feel that the public has been misled 
about this matter. It is a rather complicated problem. I have actually 
produced rain myself on two occasions. But I feel that on both of those 
occasions I might just as well have stayed at home, because nature has a 
mechanism by means of which it can normally—at least in most sections 
of the earth—produce rain. 


Mr. Barrett: Ference, could you tell us a little bit about these mecha- 
nisms? How does nucleation proceed? How are clouds seeded, both in 
nature and artificially? 


Mr. Ference: Yes, I would be very glad to. I believe that the comment 
Byers made about nature providing natural processes giving rise to rain 
is, of course, true. I think that it is necessary, however, to crystallize the 
central problem which faces meteorologists now, in so far as rain- 
making is concerned. I believe that the crux of the problem of artificial 


1 Artificial nucleation experiments have been carried out in the laboratory and 
on a modest scale in the atmosphere since 1946. The principal work has been done 
by the General Electric Research Laboratory, Schenectady, New York, and jointly 
by the Air Force and the United States Weather Bureau, Washington, D.C. 
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snow- or rain-making is, first, the role that freezing nuclei play in the} 
rain or snow process and, second, the extent to which nature provides: 
the nuclei. 


Mr. Barrett: Could you tell us a little more about just what constitutes} 
a freezing nucleus? 


Mr. Ference: By a freezing nucleus, we mean little particles of dust,,) 
for example, around which the water vapor of a cloud will condense to, | 
form a little snow crystal. Then, of course, these crystals will grow at the} | 
expense of other water droplets present in the cloud, and eventually one} 
gets rain. | 

I think that all meteorologists are in complete agreement that these} 
freezing nuclei—these little particles around which snowflakes form—J 
are absolutely essential in this latitude for the production of natural rain.|} 
There is no question on that score. However, the problem really is} 
whether or not nature produces a sufficient number of these nuclei at all| 
times or, on the contrary, whether or not nature is somewhat inefficient} 
in the production of these nuclei, so that man, by various techniques, can 
increase that efficiency sufhciently to warrant the use of these artificial 
techniques.” 

I believe the listener is quite anxious to learn if the results of these} 
seedings are of immediate economic value to agriculture, for example, to 
forestry, or to water reservoirs, which seem to be in the immediate inter-}] 
est of the public at the present time. In that connection I believe, there-1 
fore, that we have to scrutinize very carefully all experimental facts— 
both from the laboratory and from field experiments—at our command.|} 


Mr. Barrerr: Ference, just what can we do to a cloud by seeding?) 
I mean, what results may we expect from the seeding? That is, do wel 
produce more rain? Do we produce rain sooner? Do we produce less} 
rain, or do we dissipate the cloud? 


Mr. Ferenc: I think that all three of the processes, of course, are pos- 
sible. And that is precisely the point which one has to emphasize, name- 
ly, the quantitative aspect of seeding operations. I believe that it is now) 
part of our regular rreteorolupical literature that layer-type clouds or} 


2A commonly used artificial nucleating substance is silver iodide, emitted int } 
the atmosphere in very small particle sizes like smoke, either from an airplane o 
from the ground. It does not exist in detectable quantities in the natural atmos+ 


phere. 
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below-freezing, supercooled clouds can be modified by seeding with dry 
ice or silver iodide. Now the crux of the problem, however, is this: Those 
layer clouds do not produce appreciable rain; that is agreed. There are 
other types of clouds which do produce natural rain. The question is: 
Will they produce rain by artificial nucleation, over and above the nat- 
ural processes that take place? 


Mr. Byers: That is where I believe that we should be very careful. 
I think that artificial rain-making itself, at least in the humid regions 
of the earth—that is, those regions which normally receive quite a lot of 
rain—has little economic importance. The reason I say this is that I feel 
that the natural content of nuclei in the atmosphere in those regions is 
entirely sufficient. The storminess which occurs in those regions is such 
that even the relatively inactive nuclei, which we find from laboratory 
experiments, can produce this kind of ice crystallization. 


Mr. Barretr: Do you mean, Byers, that if the cloud is sufficiently 
cold, then the cloud will provide its own ice crystals for nuclei, without 
the addition of any foreign bodies? 


Mr. Byers: Yes, the various kinds of nuclei become active at different 
temperatures. The experiments which have been carried out show that 
certain kinds of nuclei will become active at temperatures only slightly 
below freezing, while others will not become active for this kind of for- 
mation of snowflakes or snow crystals until the temperature has reached 
about 20 or so degrees below the freezing point. Therefore, the problem 
is one not only of the number of nuclei but also the temperature. I feel 
that, under average conditions in the atmosphere, the storminess which 
produces the great bulk of rain carries the clouds up to a height where 
the ordinary nuclei—the ones which do not become active until a pretty 
low temperature is reached—are quite effective. Therefore, I believe 
that the period of the cloud history in which the rain can be accelerated, 
or be caused to be produced a little bit early, is only a very short period 
and that there are not many clouds which would not, if left alone, con- 
tinue on up to the levels where the relatively inactive nuclei would 
themselves become active. 


Mr. Barrett: Dunn, we have not heard from you on this problem. 
Do you have any question you would like to bring up? 


Mr. Dunn: The artificial production of precipitation is certainly going 
to make forecasting more difficult. Perhaps it will provide us with an 
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alibi. But I would like to know what the explanation is for the variation 
of sublimation nuclei. 


Mr. Barrett: Ference, can you answer that? 


Mr. Ference: Yes, but I would just like to backtrack one moment if | 
you do not mind. The laboratory experiments and the field experiments } 
which have been performed by various people, both in this country and |} 
abroad, indicate that the number of nuclei around which snowflakes will } 
form varies by tremendous amounts. For example, we find that in the: 
vicinity of New Mexico, on occasion, the concentration of nuclei can be} | 
very low, let us say about one per cubic foot, to take that as a unit of | 
measure. In other places—for example, in the Midwest and in regions of 
that general character—one finds around ten million of these ee per} 
cubic foot. | 

Now the question you raised, why it is that we do have this high 
degree of variability, is a very difficult question to answer. It appears that: 
the variability in essence is an index of the sensitivity of the nuclei toi 
temperatures. For example, in the vicinity of New Mexico, one has to} 
drop the temperature down, as Byers indicated, to relatively low values 
before those nuclei become active. There are many nuclei of that char-4} 
acter. However, if the temperatures are just a few degrees below freez- 
ing, then there are relatively few of the nuclei of that character. Whereas, 
in the industrial areas, for example, and in other areas, there seems to bey 
an abundance of nuclei which are active at the higher temperatures. 

The whole crux of the problem under discussion at the present time is] 
briefly this—and I think that it is one point that perhaps Byers has over-] 


into a cloud system one can inject nuclei which will react at higher tem- 
peratures, then perhaps—and I use the word of course advisedly—it iss 
possible to start artificial rainfall at an earlier time. 


Mr. Barrett: Do you feel, then, Ference, in view of the fact that there} 
seem to be so many natural nuclei in the air at all times, that there is an |) 
point in seeding the clouds over the New York watershed, for example}|} 
in order to try to attempt to procure more rainfall there? 


Mr. FERENCE: That is a | very interesting question. I think that we all } 
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above what nature provides. I think that there is enough evidence to 
indicate that in the eastern parts of the United States, on many occa- 
sions—perhaps in a large percentage of the cases—there are enough 
natural nuclei present in the atmosphere to give rise to rainfall. 


Mr. Byers: That is why I said in the beginning, Ference, that in the 

) humid regions—that is, the regions such as the eastern half of the United 

States—artificial rain-making is economically of trivial importance. The 

possibilities in arid regions, particularly those where mountains are 
found, are perhaps another matter. 

I think, also, that the range of temperature in which the introduction 
of artificial nuclei would help is rather a small and perhaps unimportant 
range. One needs to find out how many clouds there are which go to 
heights, let us say, where the temperature is between freezing and 15 or 

_ 20 degrees below the freezing point and never get any farther. If there 
are a great many clouds which do not quite make the grade, then, of 
course, if one can touch them off by artificial seeding, one has accom- 
plished quite a bit. My contention is, however, that the majority of the 
rain which occurs, and even the majority of individual clouds which 
occur—at least those which get up to considerable heights—do push up 
to levels where the relatively inactive nuclei become active. 


Mk. Ference: Of course, Byers, it is quite true that if one reaches the 
stage—a lower temperature, as you have just indicated—where nature 
takes over, there is absolutely no point, it seems to me, in trying to inject 
artificial nuclei. 

However, I think that you underestimate quite a bit the importance of 
trying to inject at a very early stage artificial nuclei—such as silver 
iodide—which are very effective at around 10-12 degrees below freezing. 
Now, we do not have enough evidence, that is quite true, as to what the 
effects will be. But just from general considerations—the fact that, when 
we put in silver iodide (and it is effective at, say, 10 or 12 degrees below 
zero), immediately clouds start to change over from water to ice crystals 
and to snow and then to fall in precipitation form—there seems to me 
to be a real possibility of trying to accomplish something of value. As I 
say, it requires more experimental evidence. 


Mr. Barretr: Dunn, did you have another question? 


Mr. Dunn: Would the artificial inducement of rain in one section, say, 
New Mexico, affect the natural production of precipitation in a near-by 
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state, Kansas, for example? I am sure that this is of interest to some of | 
our drier states. | 


Mr. Ference: A very g good question. It is my opinion that the one} 
specific answer is going to be very difficult to give, but I think that one; 
can give a qualitative sort of answer. In those regions where we do get} 
rainfall of reasonable abundance, there is a cuthcieue amount of water} 
vapor always present, you see, in the atmosphere as a whole. What i is) 
required, therefore, are the natural processes of nature in producing} 
areas where the air is lifted up and vapor condensed on particles, and 
then of course immediately condensed on these little nuclei about which} 
we are talking, to form ice crystals. So if there is (1) sufficient water} 
vapor present, which I think there is; (2) a sufficient number of nuclei;4 
and (3) these natural processes which are most important—without 
them we get no rain—then it seems to me that one does not have to be} 
too concerned about whether we nucleate at one place and cause trouble} 
elsewhere. 


Mr. Byers: You are coming back to my belief in letting nature take its¥ 
course, then, are you not? I think that we are qualitatively in agreement 
on all these scientific aspects. Everything which you have said is correct} 
The only point of disagreement is in the quantitative importance. That 
is, how important in the atmosphere these border-line cases are which} 
require artificial seeding. 


operation which we have somewhat neglected. That is the special prob} 
lem of seeding thunderstorms. 


Mr. Barretr: Before we go on to that, Ference, there is one poin 
which I would like to have brought out here. That is, in the laboratory 
experiments which you and your assistants have performed, do you find 
that the amount of precipitation which falls is directly proportional taf] 
the number of nuclei added or that there is a favorable number of nucle} 


which,if exceeded, actually will reduce the precipitation? | i 


Mr. Ference: That is a very interesting question, indeed, and ong 
which I am glad you brought up. Our laboratory experiments seem tq 
indicate that the process of ered can give rise to a decrease in the 
amount of precipitation possible, let us say, from a given cloud. One car 
theoretically compute that, by overseeding, the amount of water coming} 
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from a given cloud can decrease below a value which one would get 
under normal processes. That is, as I say, theoretical, and in my opinion 
many of the seeding operations which have given negative results in the 
past can probably be ascribed to an overseeding process. There seems to 
be, under such conditions, a scramble between all the millions of tiny 
ice crystals as to which gets the water to form the raindrops which will 
eventually come to the ground. Therefore, we need more laboratory 
quantitative data, plus field experiments, of course, to determine just 
what the optimum amount is of silver iodide—or any other nucleus as 
far as that is concerned—in the atmosphere. 


Mr. Barrett: Byers, you have had a good deal of experience with the 
interior of thunderstorms. What effects would you anticipate that seed- 
ing might have on thunderstorms? 


Mr. Byers: There might be two effects. The first effect would be con- 
cerning hail. Since hail occurs only when liquid drops are existing at 
temperatures below the freezing point, if we can introduce ice crystals, 
it would mean that below the freezing point there would be only ice 
crystals. Therefore, no hail. It is then possible completely to eliminate 
hail by seeding clouds which might develop into hailstorms or by seeding 
areas where hailstorms might develop. That sounds like a very promis- 
ing possibility. 

The second possibility is based on some work which has been per- 
formed by Workman at the New Mexico School of Mines. This research 
indicates that there are certain solutions which produce the reverse 
electric field from that which exists in thunderstorms. It is interesting 
to contemplate the possibility of introducing these-solutions into a thun- 
derstorm and, therefore, of reversing or canceling completely the electric 
field of thunderstorms, possibly to eliminate lightning. 


Mr. Barrett: Gentlemen, this conversation is certainly very interest- 
ing and enlightening. However, time does not permit that we continue 
on this topic. We have some other topics which we must cover. Dunn, 
as chief forecaster of the Weather Bureau in Chicago, perhaps you could 
tell us why it is so difficult to forecast the weather. 


Mr. Dunn: That is a long story, Barrett. But, in brief, the atmospheric 
processes which produce tomorrow’s weather operate on so vast a scale, 
and are of such incredible complexity, that few truly scientific forecasting 
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techniques have been developed so far. Thus, we must rely on experience} 
to a large extent. 


Mr. Barretr: Why have these last two winters been so unusual—so) 
particularly severe in certain parts of the country? | 


Mr. Dunn: Unusual weather is really the usual thing, and this past } 
winter has been unusual. The first half was a repetition of last winter. 
It was extremely cold in the Pacific Northwest. The first twenty days of || 
January at Seattle averaged 13 degrees below normal, which is very 
unusual in that section of the country. The most violent blizzard on| | 
record occurred on Friday, January 13, in Washington and Oregon. | 
Mount Baker Lodge, in Washington, had 165 cues of snow on the4 
ground by mid-January. Several Oregon points had record lows early in} 
February. Cut Bank, Montana, by the middle of February, had frost to a: 
depth of seven feet, while in the East there was record-breaking heat on: 
a large number of days. On January 26, the temperature at Washington,} 
D.C., reached 79 degrees. There were heavy rain and snow in the North4] 
west and in the Mississippi and Ohio valleys but a deficiency in the Eas 
and a record-breaking drought in Bermuda. 


Mr. Barrett: What were the reasons for these extreme abnormalities{ 
in the weather? 


Mr. Dunn: The reason was the “steering” at ten thousand to twenty 
thousand feet and higher in the air. 


Mr. Barrer: By that you mean the average direction of the wind at] 
those levels ?# 


Mr. Dunn: Yes, that is correct. Normally, the winds on the Pacific 
Coast are from the west and southwest. From the Rocky Monnal 
eastward the winds are from the west and northwest. However, this} 
year there was a trough of low pressure, and to the west the winds were 
from the northwest; to the east the winds were from the southwest. This 
particular steering brought abnormally cold Arctic air, which was 
present in great quantities in western Canada and Alaska, down over thg| 
Pacific Northwest. | 
The Azores-Bermuda high was located far to the west of its normal 
position. That induced a flow of warm southwesterly air over the easterr 


3 Meteorologists consider that the basic air current that determines weather did | 
tributions and motions is found at 10,000 feet upward to the base of the strata} 
sphere (about 30,000 feet). This is called the “steering current.” 
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two-thirds of the country. There was a gradual breakup in this condition 
which began about January 20. It was completed about February 15. 
After February 15, normal conditions prevailed, and normal cold-air 
masses moved down over the eastern and central portions of the country. 
Also, attending this, but somewhat less direct, was a drought which has 
become well established in the winter-wheat-growing sections of the 
United States. 


Mr. Barretr: Dunn, we have heard lately, although it has not been 
too widely publicized, that there is an attempt being made to use elec- 
tronic computing machines—such as the ENIAC and EDVAC and 
other similar devices—to solve the problems of weather forecasting. How 
do you feel about this ? 


Mr. Dunn: These machines, eventually, are going to help us. Even 
now they are of some prognostic assistance, particularly in the develop- 
ment of pressure systems. But in actually going from pressure systems to 
the forecasting of the weather, as yet we do not have formulas which are 
going to help us very much. 


Mr. Byers: Barrett, you have done quite a lot of work on electronic 
devices used for exploring the upper atmosphere. Are these upper- 
atmosphere explorations going to help us very much on the forecasting 
problem? 


Mr. Barrett: It is still very much too early to be able to answer that 
question completely. I do feel that the extremely high-atmosphere 
measurements which are being made by means of rockets at the present 
time will not contribute appreciably, at least in the near future, to under- 
standing weather forecasting, which deals with the process of the 
weather near the surface. However, there is a middle ground, which is 
reachable by use of balloons, in which we can gather data through the 
use of modern electronic instruments. This would give us a good deal of 
information on the general circulation of the atmosphere; that is, for 
example, how water vapor can be transported to the stratosphere in such 
quantities as to produce saturated layers in those regions and how it is 
possible for the percentage by weight of water actually to be higher in 
the stratosphere than it is at many points nearer the ground. 


Mr. Byers: Yes. We saw some reports in the newspaper about your 
discovery of the so-called “wet blanket” in the stratosphere. Is it that to 


which you are referring? 
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Mr. Barrett: Yes, that is it. The name is perhaps a slight exaggera- | 


tion, since the “wet blanket” is not perceivable by eye at all. It simply | 
consists of a layer from a few hundred to a thousand feet thick, in which 
100 per cent relative humidity exists. However, the amount of water 
vapor available for condensation in those levels is so small that the den- | 
sity of the resulting cloud is so thin that it cannot be discovered by | 
looking at it from the ground. | 
The saturated layer was observed on three occasions when we sent | 
aloft an electronic dew-point hygrometer. This device measures the | 
pressure, temperature, and humidity of the air through which it passes |} 
and sends the data back to the ground by radio. The flights were made |} 
on days with clear blue sky. The relative humidity decreased rapidly at | 
first as the balloon went up, going as low as 10 per cent at 25,000-feet |] 
altitude. It began to rise after this height, and became 100 per cent near | 
the tropopause, or base of the stratosphere. This occurred at heights from | 
40,000 to 60,000 feet on the different flights. Above the “wet blanket” the 
relative humidity again become low. On two occasions, though, the per- 
centage of the air which consisted of water vapor (which should not be | 
confused with per cent relative humidity) was higher at 100,000-feet alti- 
tude than at 70,000 feet. This is in strong contradiction to classical theory, | 
which says that this percentage, called the “mixing ratio,” should either | 
remain the same or decrease with height in this region of the strato- |} 
sphere. i} 
The fact that the quantity of moisture in the stratosphere is greater 
than formerly believed is fairly important because water vapor plays an 
important part in governing the distribution of heat in the atmosphere. 
It acts just like a greenhouse, letting the sun’s rays in but keeping the 
heat radiated by the earth from escaping into space. i] 
Byers, do you have any final statement you would like to make in the | 
matter of cloud-seeding? We seem to have had some measure of qualita- | 
tive agreement on the value of it, but our differences appear to have been | 
quantitative—that is, our feelings as to the economy of the proceedings. | 


Mr. Byers: Only that I would like to see some study made as to the 
importance of the clouds in the phase where artificial seeding can really |} 
be the critical thing. We do not yet know that. It is going to be difficult || 
to do, but we should find out a little more about it. ' 


Mr. Frrence: I believe that the results of artificial seeding of clouds 
must be considered quite important. The ability to change the structure 
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of many types of clouds—including thunderstorms, which we have dis- 
cussed earlier—and the ability to induce rain or snow from certain 
clouds with very simple seeding techniques are, indeed, very remarkable 
contributions to modern meteorological science. Do you not agree? 


Mr. Byers: Yes, I am entirely in agreement with that. I just want to 
add a note of skepticism, however, that, at least in the eastern half of the 
United States, the economic importance of the rain which might be pro- 
duced in this manner is rather trivial. 


Mr. Ference: But I think, however, that one might concentrate a 
series of experiments on thunderstorms, in connection with the com- 
ments that you have made earlier—to prevent, for example, widespread 
damage with hailstones, which amounts to millions of dollars every year. 


Mr. Byers: Yes. 


Mk. Ference: If there is a possibility, by artificial nucleation, of pre- 
venting the creation of large hailstones, that in itself would be a very im- 
portant type of a research project to undertake. You have also com- 
mented earlier, Byers, about this work in New Mexico in connection 
with very strong electric fields. I just want to add the little comment 
there that many physicists believe that these strong fields hold up a tre- 
mendous amount of water. If we could reverse the field, we could then 
have a tremendous deluge. Is that not true? 


Mr. Byers: Yes, that is quite a possibility. 


Mr. Barrett: I take it that we are agreed, then, that these experiments 
in cloud-seeding should be continued, whether they produce any sensa- 
tional results or not. Is that correct? 


Mr. Ference: Yes, that certainly is correct. 


STRUCTURE AND DYNAMICS OF THE THUNDERSTORM* | 


By HORACE R. BYERS 


THE Thunderstorm Project, a joint undertaking of the U.S. Weather 


Bureau, the U.S. Air Force, the U.S. Navy, the National Advisory Com- | | 


. c 6 . . a} 
mittee for Aeronautics and the University of Chicago, was designed to | 
obtain the knowledge to make flying in thunderstorm conditions safe. | 
During the war a number of fatal accidents in commercial and military } 


flights through thunderstorms emphasized the need for the study. By | 
the time the war ended, plans had been laid for the project, and with | 
liberal funds appropriated by the Congress and with the support of all | 
interested agencies, an intensive program of observation and measure- | 
ment was begun. In the summer of 1946 the observations were carried 
out in Florida, then in the summer of 1947 a similar program was com- 
pleted in Ohio. Since that time the analysis of the large amount of data 


collected has been performed by a group of meteorologists at Chicago 


and a comprehensive report of the findings will be published soon. It |} 


will contain information not only of use in flight operations but also in 


offering solutions of problems of thunderstorm structure and dynamics | 


which have puzzled meteorologists for years. 

In the following paragraphs will be given a brief description of the 
project and a summary of some of the results. 

Basically, the observation program was designed to obtain a complete 


description of the thunderstorm and to measure its intensity. The turbu- | 


lence or bumpiness and the broad up-and-down motions of the air were 
considered to be the most important items to be investigated, but great 


stress also was laid on all measurable quantities that could give a clue i 
to the vertical and horizontal air circulations and to the heat exchanges | 

that drive these circulations and produce the rain. Lightning, which has |} 
been one of the main subjects of interest in many years of investigation || 
by physicists and meteorologists, was considered to be of secondary im-|| 
portance, although arrangements were made for measurements of the || 


cloud electricity. 


In its main details the observation system consisted of the following: | 
1. Airplanes were used as probes to measure turbulence, updrafts and | 


downdrafts, temperature, electrical field and to obtain visual data such | 
as hydrometeors, cloud extent, etc. Northrup Black Widow night fight- 


ers (P-61) were used, flown by some of the Air Force’s most expert | 


* Reprinted by special permission from Weather, July, 1949, 
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| 
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instrument pilots, who volunteered for the task. In a normal mission, 
five airplanes made simultaneous traverses through the thunderstorms 
at five different levels, namely 5,000 ft., 10,000 ft., 15,000 ft., 20,000 ft. 
and 25,000 ft. 

2. A surface micro-network was established, consisting of 55 stations 
located one mile apart in Florida and two miles apart in Ohio. The 
stations were equipped with gust-recording anemometers and wind 
vanes, hygro-thermograph, weighing rain gauge and barograph. The 
clock speeds on these instruments were fast enough to permit a time 
resolution to nearly a minute in most cases. The stations were attended 
daily by observers who travelled through the network in jeeps. 

3. In and around the surface micro-network were set up six radio- 
sonde stations with radio-direction-finding equipment. Outside the net- 
work were four radar wind-finding stations, using small radar-target- 
bearing balloons. All of these stations made simultaneous balloon re- 
leases from which could be obtained, in addition to temperature and 
humidity data, detailed information concerning the perturbed hori- 
zontal wind flow, especially the horizontal inflow and outflow, of the 
cumulonimbus cloud. 

4. Long-range radar was used to detect the development of thunder- 
storms, to select the storms for study and to guide the pilots and the 
balloon releases. The airplanes carried transponder beacons by means 
of which they could be identified separately and traced on the radar 
"scopes even when inside the cloud echoes. The pilots were vectored 
through the storms by the flight controller who, stationed at the ground 
radar ’scopes, could watch their movements in relation to the thunder- 
clouds. Radar also was used to study the development, growth, move- 
ment, distribution and dissipation of thunderstorms. In this connection, 
range-height-indicating radar was also employed, giving a vertical cross- 
section through the clouds and affording an opportunity to study the 
rates of vertical growth. All ’scopes were photographed every few 
seconds. 

5. Time synchronization afforded the means by which all observa- 
tions from airplanes, surface balloon recordings and radar could be tied 
together to give the instantaneous and progressive picture of the atmos- 
pheric processes. 

In the analysis of the airplane data it soon became apparent that in the 


‘usual large thunderstorm the pilot was encountering areas of strong 
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turbulence each surrounded by a narrow belt of smooth but cloud-filled | 
air. Roscoe R. Braham, Jr., Thunderstorm Project analyst assigned to | 
this problem, recognized these as distinct convection cells which had | 
become more or less joined together or developed as appendages to an 
original “mother” cell. For example, a typical Florida thunderstorm | 
that was studied was found to be 20 miles long and about 5 to 8 miles 
wide and to have six recognizable cells within it. These were roughly | 
oblong areas measuring 3 to 7 miles across. Between each cell the air- | 
plane, although still in heavy cloud, recorded a smooth portion having | 
a width of about a mile or less. | 

An examination of the photographs of radar echoes returned by the | 
thunderstorms through their life histories verified the cellular structure | 
by showing the joining or growth of these cells occurring in much the | 
same way as the growth of masses of certain kinds of bacteria. Where | 
the cells were present over the surface micro-network, they could also | 
be identified in the rainfall pattern which, at any given moment, had af 
distribution corresponding to that of the cells. A separate rain maxi- | 
mum would appear under each cell. Other meteorological elements were | 
found to fit the cellular pattern as independently obtained by the air-|| 
planes. 

The cells were not all alike in structure. Some were found to consist of 
an updraft only; some had both updraft and downdraft, while others |} 
contained only a downdraft. These differences were recognized as being 
associated with different stages in the development and dissipation of the 
cells. From these studies, the life cycle of the thunderstorm cell was |} 
worked out, and it was immediately apparent that a thunderstorm usu- 
ally contains cells in different stages of the life cycle. While every storm || 
must be one-celled at the beginning, the simple unicellular type was 
found to be rare because its period as a solitary cell lasts only a few |} 
minutes after it has reached rainy, thundery conditions. Thus the text-}] 
book diagram of a thunderstorm, always unicellular, is misleading. 

The first stage of the thunderstorm cell is the cumulus cloud, although | 
only a small number of cumuli actually build into thunderstorm cells.) 
During this stage two or three cumulus clouds may grow together into i 
one cell whose diameter may be between one mile and five miles and|| 
whose top usually does not initially exceed 15,000 feet. 

The most important structural feature of the cumulus stage is the | 
updraft prevailing throughout the entire cell, balanced by slow settling. 

' 


{ 
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in the environment. As might be expected, the temperatures in appre- 
ciable updrafts are higher than in the environment at corresponding 
levels. The general updraft varies from only a few feet per second in 
small and weak cells and cells in earlier stages of development, to almost 
100 feet per second in large well-developed cells. 

In accordance with well-known precipitation theories, raindrop coa- 
lescence occurs when the cloud top has extended some distance above 
the freezing level. When the accumulation of water exceeds in amount 


_and in drop size that which can be supported by the updraft, the drops 


begin to fall through the weaker portions of the updraft and the cell 


_ passes into the mature stage of development. 


In the mature stage the cell contains in the lower levels a pronounced 
downdraft adjacent to the updraft. The downdraft reaches downward 


- from approximately 25,000 feet and throughout the cell above that height 


_ the updraft continues. The rain at the surface is associated mainly with 


_ the downdraft portion of the cell. 


The downdraft results primarily from the presence of falling rain in 
an area of former updraft. The raindrops become so large and numerous 
that they exert a frictional drag on the air sufficient to change an updraft 
into a downdraft. ... 

All of the striking phenomena observed at the ground in thunder- 


| storms are directly associated with the downdraft. Among these are the 
| downpour of rain, the temperature discontinuity, the squall front or 
' “first gust,” the barograph jump or “thunderstorm high,” the humidity 
dip and, to a considerable extent, the cloud-to-ground lightning dis- 
- charge. 


Either from the first gust of wind that reaches.out from the down- 
draft area or from air-mass identification in terms of temperature, the 


‘outflow of the downdraft air can be traced with precision through the 


Florida and Ohio micro-networks. Results show that the cold air spreads 
almost equally outward in all directions when there is no extraneous 
wind, but is carried downward in a strongly diverging flow when the 
_ prevailing unperturbed winds are appreciable. A discontinuity is formed 
between the outflow air and the surrounding warm air. Although orig- 
inally formed in the rainy portion of the cell, the downdraft air soon out- 

runs the rain area and its arrival is felt at places several miles from the 
- precipitating cell. The first blast of downdraft air experienced at a station 
tis the strongest, but as long as the outflow continues, strong, gusty winds 
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are observed. The strength of the first and succeeding gusts is less the | 
farther the air has spread, being the strongest near where the downdraft 
first reaches the ground in the early mature stage. There, as well as else- 
where, the wind speed and gustiness decrease with time as the spreading | 
continues, except in those cases where a new adjacent cell reaches the 
mature or rain-producing stage. 

Computations of the outflow, made from a study of the wind field | 
as measured in the surface micro-network, show very pronounced pat- | 
terns of horizontal divergence centres with the maximum values in the, 
heaviest rain at the point where the downdraft appears to be concen-} 
trated. The simultaneous releases of rawinsonde and rawin balloons at) 
several points around individual storms having mature cells indicated | 
outflow from the ground up to heights varying between 2,000 and 5 ,000) 
feet, with the inflow above that height. This measured inflow provides a 
verification of the idea of entrainment of environment air into the verti- 
cally moving air of the cloud. In the later mature stage, and in the dissi-| 
pating stage, outflow was measured by the balloons at heights above 
about 25,000 feet, corresponding to the anvil portion of the cloud. 

In general, one may say that heretofore meteorologists, in emphasizing) 
the thunderstorm updraft, have been barking up the wrong tree. The} 
downdraft is by far the most striking feature, at least in the levels at 
or near the ground. The inflow winds that feed the updraft are mere 
zephyrs at the ground, while the outflow from the downdraft produces} 
winds of destructive force. Other striking changes such as the tempera- 
ture drop and the pressure nose or “thunderstorm high” go with the 
downdraft. 

Also, it is evident that as a thermodynamic engine the thunderstorm 
does work both through the updraft that is warmer than the environ- 
ment and through the downdraft that is colder than the environment. 
Temperatures measured from the airplanes amply demonstrate thesey 
differences in temperature and in fact show that the stronger the draft 
the greater the temperature difference, in the sense indicated. | 

When the downdraft has spread across the lower levels of the cell to: 
the extent that the updraft area becomes of secondary importance, the 
cell passes into the dissipating stage. As the process continues, the entire 
lower part of the cell has downdrafts while in the higher levels there 
are negligible vertical motions. Slight downdrafts exist as long as light 


rain continues, although the entraining of environment air at this Sey) 


must be a contributing factor to drying and eventually obliterating the 
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_ cloud at lower levels. The time-lapse pictures taken by the project indi- 
_ cate that clouds first dissipate in the lower levels. 

By the time the rain has stopped, large-scale vertical motion has died 
away and cell boundaries have become very indistinct. The storm usu- 
ally ends up as a dissipating layer of altostratus. 

One of the effects of the outflowing cold air which was immediately 

_ recognized and which was also known to previous investigators, was the 
action of the pseudo-cold-front in “triggering” the growth of new cells. 
_It was found that the greatest probability for new cell development is 
in the region between two cells not more than three miles apart, where 
two cold outflows meet to squeeze the warm air upward. Downwind 
three miles or less from an existing cell is another place of importance 
for cell development. 
In some cases the new cells developed before there had been time for 
“the cold-air outflow to make its influence felt. It seemed that frequently 
_there was a tendency for cells to grow in clusters almost simultaneously. 
“Some more general features of the dynamics of the air in the vicinity 
“must be a contributing cause in these cases. 
_ During the two seasons of measurements, the Air Force pilots made a 
total of 1,363 penetrations through thunderstorms at various altitudes 
‘without accident. An effort was made to perform these flights through 
the most vigorous thunderstorms that could be found in the area of 
‘operations. The analysis of these flights furnishes valuable information 
concerning hazards in thunderstorms. 
_ Turbulence was found to be greatest at the middle and upper altitudes 
flown, that is, from 10,000 feet upward, with the greatest values appear- 
ing between 15,000 and 20,000 feet. The least turbulence was found in 
the lower layers. Updrafts were strongest in the higher levels as were 
also, to some extent, the downdrafts. The lightning and hail hazards 
were found to be greatest around 15,000 feet. In general, the worst con- 
ditions were encountered at the altitudes at which modern airplanes 
with supercharged cabins are most frequently flown. The use of air- 
borne radar to avoid thunderstorm centres of turbulence, particularly 
at these upper levels, was indicated to be desirable. With 10-cm radar, 
it was found that the turbulence outside the cloud echoes was negligible 
compared with that inside. The possibility of developing radar to the 
extent that the smooth areas between the cells can be followed should 
lead to a satisfactory solution of the thunderstorm flying problem at all 


levels. 
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